CrN is one of the most important transition metal nitrides, used as protective and anti-wear coating in modern engineering applications. However, CrN coatings are typically brittle and susceptible to catastrophic failure. In this paper, CrNiN coatings with differing Ni contents were deposited on tool steel substrates using a closed field unbalanced magnetron sputtering system. The effects of Ni addition on the microstructure and mechanical characteristics of CrN thin films were studied by combining nanoindentation tests with cross-sectional transmission electron microscopy. A columnar structure was observed in the CrN coating. With an increase in Ni content, the resultant columnar grains exhibited a high aspect ratio. Ni additions to CrN were
Introduction
Hardness and toughness are usually mutually exclusive. Although the quest for superhard coatings continues [1] [2] [3] [4] , they have limited use without appropriate toughness. It is the less-hard, and hence tougher coatings, that find use for most safety-critical applications such as medical devices, engine components and high speed cutting tools, where catastrophic failure is not tolerated.
Hybrid material systems consisting of one hard and one relatively soft phase have attracted considerable attention in the design of hard, yet tough, coatings [3] [4] [5] [6] [7] [8] . For example, M 1 N-M 2 systems, where M 1 N represents hard transition metal nitrides e.g. CrN, ZrN, TiN and M 2 signifies soft metals e.g. Ni, Cu, have been targeted. In this type of hybrid material, the hard metal nitride phase provides strength, and the softer metal phase offers good toughness [3, 5] .
Therefore, this coating system has a high potential for obtaining a good combination of high hardness and toughness by varying the content of the M 2 phase. CrN-Ni coatings can be prepared relatively easily by reactive magnetron sputtering using a Ni-Cr alloy target in a nitrogen reactive gas environment [3, 4] . Due to the low permeability of Ni to nitrogen [3, 9] , chromium tends to form stable nitrides (CrN and Cr 2 N) more readily [3, 6, 9] . In addition, Ni is insoluble in stoichiometric CrN [3, 9] . It has been shown that the Ni content influences the coating hardness [3, 4] . Grain refinement (in the range of 3 -7 nm) was observed by Zhang et al, as the Ni content increased [3] . This led to an increase in hardness according to the Hall-Petch effect.
Despite the above-mentioned CrN-Ni hybrid structure, formation of a solid solution has been observed [3, 4] . Precipitation of Cr 2 N < 10 nm was also evident in CrNiN thin films by dark field transmission electron microscopy (TEM) analysis [3] .
Moreover, with the introduction of a metallic component to CrN, a strong texture appeared e.g. in the CrNiN and CrZrN systems [3, 8] , more specifically the (200) orientation for CrN became dominant [3, 4] . Regent and Musil [4] showed that the preferred (200) orientation in these films became stronger when the films were deposited with the substrate heated to 200 o C, leading to a higher microhardness compared to films deposited at room temperature.
Karvánková et al. [5] studied the influence of post-deposition annealing on CrNiN and found that both hardness and lattice parameter decreased as annealing temperature increased and concluded that the residual compressive stresses in CrNiN films may play a more important role in hardness enhancement.
Previous studies mainly focused on the effect of Ni addition on the hardness and microstructure of the CrN coatings, but the role of Ni in toughening the coating is largely neglected. Notably, the microstructure of transition metal nitride coatings may be modified through the addition of a tertiary element, leading to changes in mechanical behaviour. For example, the incorporation of Si can inhibit columnar grain growth in both CrN and TiN coatings. Consequently, the operating deformation mechanism changes from inter-columnar shear sliding to mode-I cracking [10] [11] [12] . In the current study, CrNiN coatings with different Ni contents (up to ~47 at.%) were prepared onto tool steel substrates using a closed field unbalanced magnetron sputtering system. Their microstructures and their deformation were examined using transmission electron microscopy (TEM) in combination with nanoindentation testing.
Consequently, the mechanistic origin of hardness and toughness in CrNiN was elucidated.
Experimental

Sample preparation
A closed field unbalanced magnetron sputtering ion plating system (UDP650, Teer coatings Ltd., UK) was used to deposit coatings on AISI M42 tool steel substrates (hardened to HRC 62).
The substrates were polished to a surface roughness of ~0.02 μm and were sputter cleaned in an Ar plasma for 30 minutes at a bias voltage of -450V prior to deposition in order to remove oxides and other contaminants on the substrate surfaces. The background pressure in the chamber before sputtering was less than 2.0×10 -6 Torr (i.e., 2.7×10 -4 Pa). During deposition, both an Ar working gas and a N 2 reactive gas (99.995% purity) were introduced into the chamber, and the total gas pressure (Ar+N 2 ) was maintained at 1.9 u 10 -3 Torr (i.e., 0.25 Pa). The concentration of nitrogen was controlled using a piezoelectric valve regulated by the signal fed back from an optical emission monitor (OEM) (here the OEM setting was 50%). Four targets, two Cr and two NiCr (Ni/Cr = 80:20 at.%), placed alternatively, were used. A NiCr alloy was used instead of pure Ni to supply Ni because its paramagnetic nature yields better deposition properties [13] .
The temperature of the substrates was kept at ~550 o C using an electric heater (5 kW) located in the center of the chamber and they were mounted on a turntable holder rotating at a speed of 10 rpm. The target-to-substrate distance was 17 cm. A Cr adhesive layer (~0.2 μm) was first deposited onto the steel substrate. Subsequently, a CrN layer ~0.2 μm thick was deposited as a transition layer, followed by a CrNiN graded layer of ~ 0.3 μm in thickness. During the deposition of this layer, the current passing through the NiCr target was varied from 0 to a predefined value used for the deposition of the outermost CrNiN layer. A constant DC current was 
X-Ray photoelectron spectroscopy
The surface composition and chemical bonding states of the as-deposited coatings were investigated by X-ray photoelectron spectroscopy (XPS) (Kratos-Axis Ultra XPS Spectrometer 
Mechanical and microstructural characterizations
The mechanical properties of the coatings including hardness H and elastic modulus E were obtained using a nanoindenter (UMIS 2000, CSIRO, Sydney, Australia) equipped with a Berkovich diamond tip, calibrated with a standard fused silica specimen [14] . During nanoindentation, the load was applied to a maximum of 15 mN at a loading rate of 45 mN/minute. For each nanoindentation test, 20 load-unload cycles were performed. For each test, the indentation depth was less than 10% of the film thickness in order to avoid influence from the substrate. The hardness and modulus of the coatings were calculated using the Oliver-Pharr method [15] .
To investigate the relationship between microstructure and the dominant deformation mechanisms, indentations were made under a peak load of 500 mN with a spherical diamond tip having a nominal radius of 5 Pm using the same nanoindenter as described above. Crosssectional transmission electron microscopy (XTEM) samples were prepared using a focused ion beam microscope (FEI 200xP, FEI instrument, Hillsboro, USA) by sectioning through the middle of these indents. Detailed descriptions of the procedure can be found elsewhere [16] .
These samples were examined using a field emission gun TEM (Philips CM200, Eindhoven, Netherlands), operating at 200 kV. The crystal structure of the coatings was determined from selected area diffraction (SAD) analysis.
Results
Surface composition and chemical bonding states
The survey spectrum obtained from the sputter cleaned coatings is shown in Fig. 1 . Peaks associated with Cr, N, Ni (except in the CrN sample), O and C were identified ( Fig. 1) . The values of elemental concentration based on the XPS survey spectrum are presented in Table 1 . It can be seen that Ni content increases with I NiCr , but the concentration of both Cr and N decreases monotonically such that Ni became the dominant element in CrN-Ni3 and CrN-Ni4. A considerable amount of residual oxygen (2 -8 at. %) and carbon (2 -11 at. %) were also detected in all coatings. A relatively higher concentration of O and C was observed in the Nicontaining coatings, which may be due to impurities in the NiCr target and/or the surface contamination of the targets when the deposition chamber was brought to air for sample transfer.
The Cr/N ratio is between 1.40 and 1.53 in all the coatings. It is likely that stoichiometric CrN and Cr 2 N are both present in the coatings as observed in the previous study on similar samples [17] . High resolution XPS spectra were taken in the energy regions of Cr 2p, N 1s and Ni 2p in order to examine the chemical bonding states in the coatings ( Fig. 2 (ac) ).
The binding energy corresponding to the Cr 2p peak is shown in Fig. 2 (a), wherein the broad peak associated with Cr 2p 2/3 are all centered at ~574 eV and may be decoupled into two peaks; one centered at ~574.28 r 0.07 eV, referring to stoichiometric CrN [18] [19] [20] [21] [18] ) and a peak centered at a slightly higher bonding energy that may be associated with the present of some form of oxide ( Fig. 2 (b) ).
The Ni 2p peak ( Fig. 2(c) ) for the Ni-containing coatings is centered at a binding energy of ~ 852.7 eV [22] . The peak fitting analysis suggested that metallic Ni (centered at 852.66 r 0.1eV, with the actual value dependent on individual coatings) and Ni +2 and Ni +3 ions that correspond to the peak components at slightly higher bonding energy, are likely to co-exist. No NiN bonding was detected in any of these coatings. These observations are very similar to the XPS results obtained from a previous study on CrNiN coatings prepared under similar conditions [17] . It was speculated that the higher concentration of Ni compared to Cr and N as observed in Table 1 may be the combined effects of Ni remaining in its elemental state as a result of its inability to bond with N as well as the possible re-sputtering of materials during film deposition [3, 17] . Fig. 3 (ae) shows XTEM bright field micrographs of the five specimens. A columnar grain structure can be seen for each sample. However, the grain width reduces as the Ni content
Microstructure characterization
increases. It appears that the grains in both the binary CrN and low Ni-content CrN (CrN-Ni1
and CrN-Ni2) films do not extend through the entire coating thickness (Fig. 3(ac) ). Table 2 shows the average width of the columnar grains in these samples. For the binary CrN film, the widest grains are ~160 nm in width. A progressive reduction in the average width of the elongated grains can be seen as the Ni content increases, such that thinner grains (~ 95 nm) are observed in CrN-Ni3 and CrN-Ni4. Overall, a transition from a coarse to fine columnar structure is evident in these coatings.
Compared to binary CrN, the grain morphologies are less well defined and the columnar structures are less predominant in CrN-Ni1, i.e., the coating with the lowest Ni content (Fig. 3 (b)). At higher Ni contents, i.e., CrN-Ni2 (Fig. 3 (c) ), CrN-Ni3 ( Fig. 3 (d) ) and CrN-Ni4 ( Fig. 3 (e)), the columnar structure becomes more clearly recognizable. This is evident in the dark field image of CrN-Ni3 (Fig. 4) , in which a substantial percentage of these elongated grains have grown from the Cr adhesive layer all the way to the outer surface of the film. The grains in the high Ni content films (CrN-Ni3 and CrN-Ni4) exhibit a much higher aspect ratio compared to binary CrN, CrN-Ni1 and CrN-Ni2.
Voids can also be seen in the specimens with lower Ni contents, i.e. in CrN-Ni1 and CrN-Ni2, especially near the outer surface of the films ( ( Fig. 3(b), Fig. 5 ).
Selected area diffraction (SAD) patterns obtained from all five samples are shown in Fig. 6 (a-e). Significant changes can be observed in the SAD patterns as the Ni content increases. Discrete diffraction reflections aligned within rings can be seen in the pattern obtained from CrN ( Fig. 6  (a) ). These rings are consistent with the crystal structure of CrN, that is a f.c.c. crystal with a lattice parameter of 4.14 Å (Fm 3 G m, JCPDS 11-0065). On the other hand, the higher order diffraction reflections for CrN become very weak and almost invisible in CrN-Ni1 (Fig. 6 (b) ) and eventually only diffraction rings corresponding to {002} and {022} planes for CrN can be seen in the samples with the higher Ni contents (Fig. 6 (d-e) ). In addition, the diffraction rings in these Ni containing films exist as mostly continuous segments that appear to be diffuse and have a finite width. This suggested that the grains in these thin films exhibit a similar crystal structure, but with slightly different lattice parameters. Another plausible explanation for the above observation is that a mixture of CrN and Cr 2 N exist in the thin films. The d-spacings for Cr 2 N {111}, Cr 2 N {200} and CrN {200} are very similar and so exhibit only slight differences. The overlapping of reflections from these planes may lead to diffraction rings of a finite width. A wide peak corresponding to overlapping of the above three diffractions has been observed from XRD analysis on samples deposited using similar conditions [17] . This is also in agreement with the XPS observation that CrN and Cr 2 N are likely to co-exist in these coatings.
Mechanical properties
The hardness, H, and elastic modulus, E, of the five samples are shown in Fig. 7 (Fig. 7 (b) ).
The value of E is more or less the same for CrN-Ni3 and CrN-Ni4, with the differences between the mean E values of only ~2 %.
The area enclosed within the load-displacement curve obtained from the nanoindentation test represents the energy required to plastically deform the coating, denoted here as E p . Fig. 7 (c) shows the value of E p for the coatings when indented using a maximum load of 15 mN. The E p values for these coatings increase as the Ni content increases, suggesting that the addition of Ni increases the toughness in the coating, but after reaching a threshold value (i.e., Ni content of ~40 at.%), there is no further increase in toughness.
The ability for a brittle material to resist abrasive damage, for example, cracks that may emanate from corners of an indent, may be expressed as 1/(HE 2 ) [23, 24] . The larger the value of this parameter, the greater the resistance to crack formation (i.e. the higher damage tolerance).
The value of the term 1/(HE 2 ) increases with Ni concentration leading to a 44% (CrN-Ni 1) and a 136 % (CrN-Ni 4) higher value compared to the binary CrN coatings (Fig. 7 (d) ). This together with E p suggested that the addition of Ni into CrN would improve the damage tolerance of brittle coatings.
In order to gain a better understanding of the influence of Ni addition on the mechanical behavior of these coatings, nanoindentation tests were performed using a spherical indenter of 5 μm radius to a maximum load of 500 mN to induce deformation. The thin film microstructures observed from XTEM examination (Fig. 3 (c, d) ), and mechanical behavior ( Fig. 7 (a-d) ) of CrN-Ni 3 and CrN-Ni4 are very similar. As a result XTEM examination following spherical indentation was performed on CrN-Ni4, CrN-Ni2, CrN-Ni1 and CrN.
Deformation observation
Plan view ion induced secondary electron images recorded by the FIB of the 500 mN spherical indents on the four Ni-containing samples are shown in Fig. 8 (a-d) . The surface morphology, as evident in plan view images of the coatings, appears to be different in these samples. This is possibly associated with the variation in the shape and dimension of the grains in the thin films as observed in the XTEM images ( Fig. 3 and Table 2 ). The dark contrast on the surface of CrN-N1 sample is possibly associated with the high concentration of voids that can be seen near the outer surface of the coating from the XTEM image of the same thin film sample ( Fig. 3 (b) ). Fine cracks can be seen within the indent on the binary CrN sample (subsets in Fig. 8 (a) ), but not in the other Ni-containing samples.
The cross-sections through the middle of the spherical indents in CrN and three other Nicontaining samples are shown in Fig. 9 (a-d) . No apparent cracks can be seen in any of the samples at this magnification. Although substantial plastic deformation can be seen in the substrate in all cases, the interfacial bonding between the thin film, Cr adhesion layer and the substrate is well maintained.
At closer inspection, fine cracks that run along the boundaries of the columnar structures can be seen near the edge of the spherical indents in the CrN sample (Fig. 10) . These cracks are only observed close to the top of the indented thin film and so they have not propagated through the entire thin film. Such fine intercolumnar cracks were not observed in the other Ni-containing samples.
Despite the high density of voids observed near the top of the underdeformed CrN-Ni1 sample ( Fig. 3 (b) and Fig. 5 ), no apparent cracks, or even voids, were observable from the XTEM image at the indent ( Fig. 9 (b) ). On the other hand, voids can barely be seen in the deformed CrN-Ni2 sample (Fig. 9 (c) and Fig. 11 ). These voids, however, did not lead to the formation of intercolumnar cracks. In addition, the surface is almost completely smooth as the protruded grains were compressed in the indent for CrN-Ni2 (Fig. 3 (c) and Fig. 9 (c) ). Similar observations were made in the indented CrN-Ni4 sample ( Fig. 9 (d) ). Also, for both CrN-Ni2 and CrN-Ni4 'bending' of the slender columnar grains is evident, especially at the middle of the indents ( Fig. 9 (c-d) ).
Several straight dark lines that run at ~45 o to the substrate interface across the entire film can be seen in the indented CrN-Ni4 sample (Fig. 12) . It is suspected that these lines contain a high density of geometrically necessary dislocations. This will be discussed later. Fig. 12 shows one of such lines terminating at the Cr adhesion layer interface. In addition, the adhesion layer is heavily deformed, but excellent adhesion was maintained.
Discussion
Examination of the SAD patterns obtained from the five samples shows that the diameter of the diffraction rings increases and their widths also become thicker as the Ni content increases.
These observations suggested that the grains exhibit a similar crystal structure, but with changing lattice parameters. This may be due to substitution of some Cr atoms in the CrN or (Fig. 3) , diffraction reflections (Fig. 6 ), hardness, (Fig. 7 (a) ) and plastic energy (Fig. 7 (c) ) were observed. The above phenomena may also explain the lack of columnar grains in CrN-Ni1 ( Fig.   3 (b) ) and high density of voids in both CrN-Ni1 (Fig. 3 (b) , Fig. 5 ) and CrN-Ni2 (Fig. 3 (c)) where the lattice was highly distorted and unstable.
It was also observed that grains tend to be more textured as the Ni content increases, since only two diffuse diffraction rings for (002) and (022) can be seen in CrN-Ni3 and CrN-Ni4. Regent and Musil suggested that (200) textured CrN would result in a high hardness. In our Nicontaining samples, strong (002) reflections can be seen from SAD pattern analysis, but the H value obtained in CrN is higher than the Ni-containing samples, in which a more (002) textured structure was observed. From this it can be inferred that the other factors may play a more important role than crystallographic texture in the determination of the mechanical properties of the thin films.
Grain refinement, due to the addition of Ni, is evident in the TEM images shown in Fig. 3 . This is consistent with SAD patterns recorded and discussed above (Fig. 6) . However, instead of equiaxed nanocrystals, commonly observed in TiSiN coatings [27], the CrNiN thin films exhibit columnar grains of high aspect ratio. These slender grains appear to buckle after indentation testing ( Fig. 9 (c-d) ). Unlike equiaxed nanocrystals of diameters < 10 nm in nc-TiN/Si 3 N 4 , the size of the grains in CrN-Ni2, CrN-Ni3 and CrN-Ni4 is sufficiently large enough to accommodate dislocations and so plastic deformation presumably occurs in these samples. This explains the lower H (Fig. 7 (a) ), high plastic energy (Fig. 7 (c) ) and 1/HE 2 (damage tolerance) ( Fig. 7 (d) ) in these samples. In addition, the introduction of Ni may change the ratio of CrN to Cr 2 N in the coatings. The hardness reduction increases with Ni content may also be explained by considering the relative content of the different types of Cr nitrides. It has been demonstrated from the TEM and XPS analysis that CrN and Cr 2 N co-exist in the coatings. Since Cr 2 N exhibits a hexagonal structure and CrN assumes a fcc structure, Cr 2 N is considerably harder than CrN [25, 28] due to the fact that there are less available slip systems for plastic deformation to occur.
Notably, the contents of CrN and Cr 2 N quantified according to the decomposition of Cr 2p 2/3 peaks obtained from XPS ( Fig. 2 (a) ) are listed in Table 1 , suggesting a reduction of Cr 2 N content as Ni was introduced into the coating. This may be responsible for the reduction of hardness in the Ni containing coatings compared to the binary CrN coating.
Contaminants, such as O and Cl, were reported to have significant influence on the mechanical properties of TiN coatings [1] . Considerable concentration of O was detected from the coatings in this study (Table 1) . However, no apparent correlation can be drawn between the increased concentration of these contents in the Ni-containing coatings and their microstructure nor hardness and elastic modulus.
To investigate the degree of plastic deformation in the nanoindented samples, the thickness of the as-deposited thin films was compared with the thin films indented using a spherical indenter at a peak load of 500 mN (Table 3) . It can be seen that for the indented CrN sample, little reduction in the film thickness was observed (Table 3) , but intercolumnar cracks can be seen near edges of the indent from the XTEM images ( Fig. 9 (a), Fig. 10 ). In comparison, for the Nicontaining films, no intercolumnar cracks, but a relatively larger reduction in film thickness (Table 3) , together with smoothening of surface roughness and buckling of grains (Fig. 9 ), were observed after indentation ( Fig. 9 (b-d) ). Therefore, there is a change in deformation mechanism from grain boundary sliding in CrN to plastic deformation in the Ni-containing thin films. The dark lines observed in the indented CrN-Ni4 sample are ~45 o to the tangent of the curved indented surface (Fig. 9 (d) ). Closer inspection of some of these lines (Fig. 12 ) reveals that the lines comprise high densities of black spots. Since these lines are lying on the planes where the maximum resolved shear stress were present during indentation, the black spots observed may be clusters of geometrically necessary dislocations that were generated to accommodate the deformation of the columnar grains due to buckling. In addition to the aforementioned dislocation-mediated deformation, the presence of metal Ni as revealed by XPS analysis, may also contribute to the enhanced ductility (and toughness) of the Ni-containing films.
It is worth noting that a significant increase in dislocation density and severe plastic deformation also occurred at the Cr-wetting layer in CrN-Ni4 (Fig. 12) . This observation suggests that to some degree the plastic deformation in the CrNiN grains may have transmitted to the Cr adhesion layer. In the CrN sample, however, no significant plastic deformation can be seen in the Cr-adhesion layer. This observation agrees with the above analysis that plastic deformation is not the principal energy dissipation route in the CrN sample.
In summary, XTEM analysis suggested that plastic deformation occurred in the Ni-containing
CrN thin films. This is presumably due to the presence of ductile metal Ni detected in these thin films by XPS. Plastic deformation within the CrNiN thin films underlies its higher toughness, estimated from the nanoindentation data, as compared to the binary CrN that usually failed catastrophically via intergranular cracking. The reasonably high hardness and improved toughness through additions of Ni in CrN makes the resultant coatings suitable for safety-critical applications such as high-speed cutting tools and engine parts.
Conclusion
Interrelations between Ni contents, microstructure and mechanical properties in CrNiN thin films deposited using closed field unbalanced magnetron sputtering method were investigated by nanoindentation tests, in combination with XTEM, and examination of deformation microstructures around indentations. At low Ni contents, the CrNiN film exhibits a coarse columnar crystalline structure with a high density of voids. At higher Ni contents, a fine columnar grain structure was observed. The aspect ratio of these columnar grains appeared to increase with Ni content. The slender columnar grains in the CrNiN thin films seem to favor plastic deformation mediated by geometrically necessary dislocations, as opposed to intercolumnar shear sliding in columnar grains having lower aspect ratio in CrN. This change of deformation mechanism coupled to the presence of metal Ni is believed to be responsible for the lower hardness and higher toughness observed in the CrNiN thin films as compared to the binary CrN thin film. . The much-needed toughness enhancement in CrN from the addition of Ni is expected to broaden its engineering applications.
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Current passing through the NiCr target I NiCr and the composition of resultant coatings according to XPS analysis. Thickness of the thin film samples measured from XTEM micrographs. For the asdeposited thin film, measurements were made from Fig. 3 (a-c, d ). Thickness of the thin film at the indents was measured from Fig. 9 (a-d) . The mean value was obtained from 20 measurements and the standard deviation from the mean value was also listed. 
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